The radial trace transform, a simple geometric re-mapping of a seismic trace gather, can be used to separate overlapping coherent events on seismic trace panels in such a way that bandpass filtering or spectral editing will very effectively eliminate undesired events or enhance desired ones. Filtering in the radial trace domain can be more effective than F-K filtering for certain kinds of coherent noise: specific examples include dispersive linear noise such as the ice wave in arctic settings and some instances of ground roll; various direct, refracted, or waveguide modes; and any coherent filtering of 3D data, since no re-gridding of data is required. The simple transform described in early literature can be made much more general and useful by allowing the coordinates of its origin to be placed anywhere in the x-t plane, and by allowing bending or curving of the traces themselves. Examples are shown of various radial trace applications.
Introduction
Most geophysicists, if they are familiar with the radial trace transform, usually associate it with attenuation of multiples as described by Taner 1 or more recently by Lamont et al 2 , or with numerical manipulations associated with some imaging algorithms. It is certainly less well represented in literature than the F-K transform or the Tau-P transform. While others have found effective alternatives to the F-K transform for coherent noise attenuation, notably Linville et al 3 , the radial trace transform has been generally neglected in this application. The property most often associated with the radial trace transform is the fact that each radial trace captures seismic energy having a common injection angle (or emergent angle, if reciprocity is invoked), which leads to favorable conditions for multiple attenuation. For the applications discussed here, however, we rely on the little-noted additional fact that coherent seismic events whose apparent origin and apparent velocity nearly match those of the radial traces into which they are mapped have their apparent frequencies dramatically lowered; often, almost totally out of the band of those events, like reflections, which do not match the radial trace slopes and origin. The frequency-shifted events can be subsequently attenuated by application of a low-cut filter to the radial traces, or enhanced by means of a high-cut filter. The inverse radial transform then reconstructs the original trace panel with the filtered events either attenuated or enhanced, depending upon the filter applied in the radial domain. Filter design in the radial domain is direct and intuitive and is aimed at specific events with both an apparent velocity and an origin (rather than just a velocity, as in F-K or Tau-P filtering).
Method
The elementary radial trace transform is a simple re-mapping of seismic traces whose sample co-ordinates are source-receiver offset (x) and two-way transit time (t) into traces whose sample co-ordinates are injection angle (θ) and two-way transit time (t'). The mapping between the two domains is described quite simply as:
An equivalent, and probably more useful re-mapping parameterizes the radial trace domain in terms of apparent velocity (v) and two-way transit time (t'):
The only practical difference between these two mappings is in the discrete increment of the second parameter, which becomes important mainly at large θ (large v). Figure 1 is a schematic illustration of the process of mapping a seismic shot gather from the traditional x-t domain to the radial trace domain (which we will abbreviate as R-T). As can be seen from the diagram, each radial trace consists of samples collected along a linear trajectory of constant velocity (angle), at the same sample times as the original x-t trace samples. The fact that x-t and R-T domains share the same transit-time co-ordinates is important, since that preserves the apparent frequencies of nearhorizontal events while lowering those of dipping events, and since that also lends itself to a radial trace transform algorithm that can be made quite fast. Since the required radial trace samples will often fall between existing x-t traces, an interpolation method must be chosen for obtaining these samples. We find that simple linear interpolation along common time lines is simple and robust, though other methods may be used, such as nearest-neighbor selection or sinc interpolation.
As can be seen in Figure 1 , radial traces sample the x-t domain non-uniformly; near offsets and small transit times tend to be over-sampled while long times and offsets tend to be under-sampled. For this reason, we usually take more traces in the radial domain than in the x-t domain in order to protect against aliasing and to ensure the invertibility of the transform. Another invertibility issue relates to the interpolation method used in both the forward and inverse R-T transform. Any interpolation other than nearest-neighbor can lead to some smearing of statics on the original x-t panel, though this is usually much less than experienced with f-k filtering. On the other hand, use of the nearest-neighbor method, while preserving statics, leads to lesseffective filtering and sometimes to high-frequency artifacts that must be filtered on the output x-t traces.
While a radial transform algorithm can be constructed to build the R-T transform one radial trace at a time, a considerable speed advantage can be gained by recognizing that the R-T and x-t domains share the t axis. The R-T transform can then be reduced to constructing a vector of projected offsets (x), using equation (2), for each particular sample time in t followed by an interpolation of the corresponding row of the x-t matrix to the corresponding row of the R-T matrix. A worthwhile enhancement to the radial transform at no additional computational cost is the ability to specify non-zero co-ordinates for the radial transform origin, in order to more effectively match the apparent origins of coherent noises or other events. A further enhancement at only marginally greater cost is the ability to bend or curve radial traces at each time sample in t, which allows the design of transforms capable of more effectively capturing non-linear coherent events on the original x-t panel.
Example
As a demonstration of the effectiveness of radial trace filtering, we offer the following example. Figure 2 shows a raw shot gather in which the reflection events are considerably obscured by shot-generated noise, both in the vicinity of the direct arrivals, and at low velocity in the center of the record. Figure 3 shows the simple R-T transform of this gather. Note that the orientation of both types of noise has become nearly parallel to the t axis in the new domain, and that the apparent frequency (with respect to the t axis) is now very low. Application of a simple bandpass filter to the R-T traces results in the display in figure 4 , where the "washed out" areas on the record indicate energy removed by the filtering. The inverse R-T transform results in figure 5 , the filtered x-t shot gather. Note that there is evidence on this panel of aliased energy related to the original noise as well as some apparent "back-scattered" energy. As a demonstration of the utility of the R-T filtering method, we can, as an approximation, consider this residual noise to be due to a "virtual" source located at zero offset and approximately 3.5 seconds transit time. An R-T transform computed using this new origin, followed by bandpass filtering and the inverse transform results in the record in figure 6 . Note the strength and continuity of all reflection events, and note that shallow reflections have been remarkably well recovered from beneath the direct arrivals; very little initial muting will be required on this record. Note, as well, the survival of statics and a 60 Hz noise trace from the original record, in spite of the linear interpolation used in both filter passes.
Conclusions
We have demonstrated some of the potential of filtering in the radial trace domain and have suggested the potential for other applications as well. Considering the ease of computation of this transform and the intuitive nature of determining transform parameters, this domain deserves further investigation and development as another tool in the seismic processing arsenal. Furthermore, while not demonstrated here, the R-T transform provides a convenient way to attenuate coherent noise on 3D seismic data, since no re-gridding of traces is required, as with F-K filtering methods; and the R-T transform has considerable potential as a diagnostic domain for analyzing wavefields of various kinds. encounters the direct arrival practically parallel to the apparent wavefront, so the event on the radial trace will contain only the lowest frequencies (DC and slightly above). Radial trace 2 encounters the arrival at a somewhat steeper angle and will accordingly lower its frequency less. Traces 3, 4, and 5 encounter the events on this gather at increasingly steeper angles and hence shift their frequencies correspondingly less. Trace 5 will differ very little from the nearest offset x-t trace.
Figure 2.
Raw shot gather for demonstration of radial trace domain filtering. Note strong first arrivals, which obscure reflections at shallow times and long offsets, as well as the cone of strong source-generated noise obscuring reflections in the center of the record. The latter noise is partially aliased, and there also appears to be noise back-scattered from near-surface irregularities on the right half of this record. radial trace domain filtering.
